Dietary supplementation is an effective means to improve EPA and DHA status. However, it is unclear whether lipid structure affects EPA + DHA bioavailability. We determined the effect of consuming different EPA and DHA lipid structures on their concentrations in blood during the postprandial period and during dietary supplementation compared with unmodified fish oil TAG (uTAG). In a postprandial crossover study, healthy men (n 9) consumed in random order test meals containing 1·1 g EPA + 0·37 g DHA as either uTAG, re-esterified TAG, free fatty acids (FFA) or ethyl esters (EE). In a parallel design supplementation study, healthy men and women (n 10/sex per supplement) consumed one supplement type for 12 weeks. Fatty acid composition was determined by GC. EPA incorporation over 6 h into TAG or phosphatidylcholine (PC) did not differ between lipid structures. EPA enrichment in NEFA was lower from EE than from uTAG (P = 0·01). Plasma TAG, PC or NEFA DHA incorporation did not differ between lipid structures. Lipid structure did not affect TAG or NEFA EPA incorporation and PC or NEFA DHA incorporation following dietary supplementation. Plasma TAG peak DHA incorporation was greater (P = 0·02) and time to peak shorter (P = 0·02) from FFA than from uTAG in men. In both studies, the order of EPA and DHA incorporation was PC > TAG > NEFA. In conclusion, EPA and DHA lipid structure may not be an important consideration in dietary interventions.
Dietary supplementation with EPA (20 : 5n-3) and DHA (22 : 6n-3) confers well-established changes in the biophysical properties of cell membranes and cell signalling processes that are associated with positive effects on health (1) . EPA and DHA are consumed in the diet primarily as components of the muscle of oily fish. Consequently, several organisations have published recommendations for oily fish consumption in order to provide sufficient EPA + DHA for health benefits (2) . However, low levels of oily fish consumption in some populations have limited their effectiveness (3) . Dietary supplementation with encapsulated oils containing EPA + DHA provides an alternative means of increasing their intake (4) , which may be facilitated by highly purified EPA + DHA preparations that reduce the volume of oil required to achieve health benefits (4) . It is, therefore, important to identify the preparations that are most effective in increasing EPA + DHA status.
The lipid structures of EPA + DHA used most commonly in dietary supplements are unmodified fish oil TAG (uTAG) from fish body oil or cod liver oil, re-esterified TAG (rTAG), krill oil phospholipid, free fatty acids (FFA) and ethyl esters (EE). Differences in the lipid structure in which EPA + DHA are ingested may influence their bioavailability and accumulation within lipid pools. The rank order of the increment in EPA + DHA status after consuming 3·3 g EPA + DHA daily for 2 weeks in men and women was rTAG > fish body oil > FFA > cod liver oil > EE (4) . Similarly, the increment in omega-3 index (5) was greater when EPA + DHA (1·68 g daily) were consumed for 6 months as rTAG compared with EE in moderately hypertriacylglycerolaemic subjects (6, 7) . EPA incorporation into plasma TAG over 24 h has been shown to increase when consumed as sn-2 monoacylglycerol, TAG or FFA compared with EE (8, 9) . Postprandial incorporation of EPA + DHA into plasma TAG was greater when ingested as FFA than as TAG (approximately 38 %) or EE (80 %) (10, 11) . In addition, the bioavailability of EPA from rTAG was shown to be greater when compared with sn-2 monoacylglycerol (12) , although others have not found this result (13, 14) . EPA and DHA bioavailability may also be influenced by the total fat composition of a meal (11, 15) . Furthermore, the magnitude of EPA and DHA accumulation appears to differ between plasma lipid classes: phospholipids > cholesteryl esters > TAG (2) .
Differences in study design have produced uncertainty in the literature about the effects of lipid structure on EPA and DHA bioavailability during dietary supplementation. The purpose of this study was to compare directly the effects of different lipid preparations of EPA + DHA in increasing their concentrations in blood lipids. We measured EPA and DHA concentrations in plasma TAG, NEFA and phosphatidylcholine (PC) after consumption of EPA + DHA as rTAG, FFA or EE in a single meal and compared this with uTAG that is used commonly in commercial dietary supplements. We then investigated whether lipid structure altered EPA and DHA incorporation into blood after daily consumption. We also assessed the effect of enteric-protective capsules containing rTAG on postprandial EPA + DHA incorporation into blood lipids and of sex and BMI on EPA + DHA assimilation during 12 weeks of dietary supplementation.
Methods

Ethics approval and study registration
The present study was conducted in accordance with the declaration of Helsinki. The postprandial study was approved by the Isle of Wight, Portsmouth and South East Hampshire Research Ethics Committee B (approval no. 09/H0501/98), and the dietary supplementation study was approved by the Southampton and South West Hampshire Research Ethics Committee B (approval no. 11/SC/0049). The postprandial study is registered as ISRCTN11656280, and the dietary supplementation study is registered as ISRCTN46532656 at www.controlled-trials.com.
Postprandial study: participants, design, sample collection and specimen processing
In all, twelve volunteers showed initial interest in the study; two of them did not complete the screening process. Of the ten participants who completed the study, one was subsequently found to have elevated fasting blood glucose concentration (>7 mmol/l) and the data were not included in the final analyses (online Supplementary Fig. S1 ). The participants of the postprandial study included nine healthy men with a median age of 26 (range 22-38) years, BMI of 24 (range 20-30) kg/m 2 and fasting plasma TAG of 0·8 (range 0·4-2·2) mmol/l, NEFA of 0·3 (range 0·2-0·9) mmol/l and glucose concentration of 5·3 (range 4·5-6·0) mmol/l. All included participants self-reported that they were low consumers of oily fish (<1 meal/week) and that they did not use fish oil supplements. The double-blinded, postprandial study was based on our previous single-blinded, cross-over design (16) . Each participant took part in 5 postprandial study d in random order, with an interval of at least 14 d between each study day. Capsule containers were labelled with anonymised codes, and the order in which the participants took the supplements was assigned using a random number generator (Random.org) by an independent member of the staff. The nine participants consumed their habitual diet throughout the study. On the day preceding any postprandial study day, participants were asked to consume their evening meal by 21.00 hours and to fast until the postprandial study commenced. Participants arrived at the National Institute for Health Research Wellcome Trust Clinical Research Facility, Southampton General Hospital, Southampton, UK, at approximately 07.00 hours. A cannula was inserted into a forearm vein, and a baseline blood sample (5 ml) was collected into an evacuated tube containing heparin sulphate as anticoagulant.
Participants consumed the same test meal on each occasion. This contained 4·3 MJ total energy derived from carbohydrate (117 g), protein (15 g) and a blend of fats (55 g) from sunflower oil, double cream, flaxseed oil and olive oil, which provided a fatty acid pattern that was representative of the typical UK diet as described previously (16) . The fat and protein components of the test meal were administered as an emulsion (total volume made up to 160 ml with water). The carbohydrate component of the meal was toast with marmalade. Participants consumed the test meal within 15 min. On each postprandial study day, participants consumed one of the following supplements: gelatin-encapsulated uTAG, rTAG, EE or FFA each of which provided approximately EPA 1·1 g + DHA 0·37 g ( Table 1 ). The rTAG, EE and FFA preparations contained less SFA and MUFA and 18 : 2n-6 compared with uTAG ( Table 1 ). In order to determine whether exposure to the gastric environment affected the bioavailability of EPA and DHA, on one occasion participants consumed rTAG (providing EPA 1·1 g + DHA 0·37 g) encapsulated in an enteric-resistant coating. Blood samples (5 ml) were collected at 0·5, 1, 1·5, 2, 2·5, 3, 4, 5 and 6 h after consumption of the test meal. Participants remained at rest and were allowed free access to water throughout the study. Plasma was isolated form blood samples by centrifugation and stored at −80°C (16) .
Supplementation study design, sample collection and specimen processing
The supplementation study had a double-blinded, parallel design. In total, 200 volunteers enquired about the study, of which 120 agreed to undergo initial screening. Of these, twenty subsequently either declined further participation or were found to be ineligible for reasons not covered in the questionnaire, and a further twenty participants were randomised to an arm of the study that was not included in the analysis design (online Supplementary Fig. S2 ). These participants consumed capsules of medium-chain TAG from palm oil. As the palm oil did not contain EPA or DHA, this arm of the study was excluded from the final analysis because it did not provide a direct comparator for the other lipid structures. In all, eighty participants (forty men and forty women) were randomised to receive one of the four supplements that contained EPA and DHA (online Supplementary Fig. S2 ); two participants withdrew during the study period because they found taking capsules unpleasant and one more was unable to attend the appointments.
The participants who completed the supplementation study were men aged between 19 and 38 years with BMI of 20-30 kg/m 2 and women aged between 19 and 44 years with BMI of 20-31 kg/m 2 who were in good general health, who did not consume fish oil or other oil supplements and did not eat more than one portion of oily fishmeal per week ( Table 2 ). There were no significant differences within each sex in age, BMI or in fasting plasma TAG or NEFA concentrations between supplement groups. Participants consumed their habitual diet throughout the study. At study entry, participants were asked to fast from 21.00 hours until after a blood sample (20 ml) was collected between approximately 08.00 and 10.00 hours. Participants (n 10/sex per supplement) were then assigned at random to consume one of four dietary supplements used in the postprandial study for 12 weeks. The identity of the supplements was anonymised, and the allocation of the participants was randomised using a random number generator by the manufacturer of the supplements (Vifor Pharma Ltd). The supplements were gelatin-encapsulated uTAG, EE or FFA or rTAG-encapsulated in an enteric-resistant coating, each of which provided approximately 1·1 g/d of EPA and 0·35 g/d of DHA. The gelatinencapsulated rTAG dietary supplement was omitted from the supplementation study because of lack of differences in EPA and DHA incorporation into blood lipids between coating materials in the postprandial study. Fasting blood samples (20 ml) were collected during the supplementation period after 1, 2, 4, 8 and 12 weeks. Plasma was isolated from blood samples by centrifugation and stored at −80°C (16) .
Analysis of plasma lipid fatty acid composition
The fatty acid composition of plasma TAG, NEFA and PC was determined by GC (16) . In brief, internal standards (dipentadecanoyl PC (100 µg), tripentadecanoin (100 µg) and heneicosanoic acid (50 µg)) were added, and total lipids were extracted from plasma (0·8 ml) with chloroform and methanol (17) and dried under N 2 . The total lipid extracts were dissolved in chloroform, and individual lipid classes were then isolated by solid-phase extraction using Bond Elut 100-mg aminopropylsilica cartridges (Agilent Technologies) (18) . The purified lipid classes were dissolved in toluene, and fatty acid methyl esters (FAME) were synthesised by heating the purified lipids at 50°C Table 2 . Fasting plasma total TAG (mmol/l)
Women Age (years) Fasting plasma total TAG (mmol/l)
Fasting plasma total NEFA (mmol/l)
uTAG, unmodified TAG; FFA, free fatty acid; rTAG(EC), enteric-protected re-esterified TAG; EE, ethyl ester.
in the presence of methanol containing 2 % (v/v) sulphuric acid (18) . FAME were recovered by extraction with hexane and resolved in a BPX-70 fused silica capillary column (32 m × 0·25 mm × 25 μm; SGE Analytical Science) using an Agilent 6890 gas chromatograph equipped with flame ionisation detection (Agilent Technologies Ltd) (16) . The concentrations of EPA and DHA in blood lipid classes, expressed as μmol/l, were calculated from the ratio of their peak area:the internal standard, multiplied by the amount of standard and corrected for the volume of plasma extracted.
Statistical analysis
The researchers, participants and staff involved in care of the participants (e.g. research nurses) were blinded to the allocation of supplements until data analysis had been completed. Data were analysed using SPSS version 21 (SPSS Inc. For all comparisons, the gelatin-coated uTAG was used as the reference data set. As we intended to model the effect of lipid structure in a manner relevant to the general population, the amount of EPA and DHA consumed by each participant was not adjusted for BMI. As the data were not normally distributed, it was not possible to carry out analysis of co-variance. However, we assessed the relationship between the incremental AUC (iAUC) for EPA and DHA and BMI using Spearman's rank order correlation test. Age has been shown to be related to incorporation of EPA and DHA (19) . Therefore, the relationship between age and the iAUC for EPA and DHA was also assessed by Spearman's rank order correlation test.
The postprandial study was powered according to the anticipated change in EPA content of plasma TAG. On the basis of our previous study (16) , a sample size of nine would have given a statistical power of 85 % power to detect an increase in plasma TAG EPA concentration of 15 μmol/l at 4 h with a probability of <0·05. The dietary supplementation calculations were based on the anticipated change in plasma PC EPA from 1·7 % of total fatty acids to 2·9 % (20) . Consequently, a sample size of ten was expected to provide 90 % statistical power for detecting this increment in plasma PC EPA concentration with a probability of P < 0·05.
Results
Postprandial incorporation of EPA and DHA into blood lipids
There were no significant differences between supplements in the concentrations of EPA or DHA at baseline (online Supplementary Table S1 ). The changes in the concentrations of EPA and DHA in plasma TAG, NEFA and PC are summarised in the online Supplementary Fig. S3 and Table S3 . There were no significant differences between supplements in the iAUC, maximum concentration (C max ) or time to C max (T max ) for incorporation of EPA into plasma TAG or PC (Table 3 ). There were no significant differences between supplements in iAUC or T max for incorporation of EPA into plasma NEFA (Table 3) . However, C max for the incorporation of EPA into plasma NEFA differed significantly (χ 2 (4, n 16) = 12·1, P = 0·02) between groups (Table 3 ). Pairwise testing showed that the C max for EE preparation, but not the other molecular structures, was lower than that for uTAG (Z = − 2·549, P = 0·011) with a large effect size (r −0·9).
There were no significant differences between supplements in iAUC or C max for incorporation of DHA into plasma TAG or PC (Table 3 ). However, T max for the incorporation of DHA into plasma PC differed significantly (χ 2 (4, n 18) = 11·1, P = 0·03) between groups (Table 2), although this was not supported by pairwise testing between groups (Wilcoxon's signed-rank test). There were no significant differences between supplements in iAUC, T max or C max for incorporation of DHA into plasma NEFA ( Table 3) .
Incorporation of EPA and DHA during the postprandial period differed between plasma lipid classes such that the rank order of EPA iAUC was PC > TAG > NEFA and of EPA C max was TAG > PC > NEFA, irrespective of the structure of the supplement ( Table 3, online Supplementary Table S2 ). There was no statistically significant difference in EPA T max among lipid classes ( Table 3 ). The rank order of DHA iAUC and C max was PC > TAG > NEFA and of DHA T max was NEFA > TAG > PC, irrespective of the structure of the supplement (Table 3, online  Supplementary Table S2 ).
There was a significant positive association between incorporation of EPA from rTAG(EC) into plasma PC and BMI (online Supplementary Table S3 ). There was a significant negative association between incorporation of EPA from rTAG into plasma PC and BMI (online Supplementary Table S3 ). There was a significant negative association between incorporation of EPA EE into plasma PC and age (online Supplementary  Table S3 ). There was a significant positive association between incorporation of DHA from rTAG(EC) into plasma PC and age (online Supplementary Table S3 ). There were no other significant associations between BMI or age and incorporation of EPA and DHA into plasma lipids (online Supplementary  Table S3 ).
Incorporation of EPA and DHA into blood lipids during dietary supplementation
There were no significant differences between the groups in the concentrations of EPA or DHA at baseline (online Supplementary Table S1 ). There were no significant changes in the concentrations of total plasma TAG, PC or NEFA between the start and the end of the supplementation study (online Supplementary Table S4 ). The changes in EPA and DHA concentrations in plasma lipids during 12 weeks of supplementation in men and women are summarised in the online Supplementary  Fig. S4 and S5, and in Tables 4 and 5, respectively. There were no significant differences between supplements in iAUC, C max or T max for incorporation of EPA into plasma TAG in men or women (Tables 4 and 5 ). There was a significant difference between molecular structures of the supplements in the incorporation of DHA into plasma TAG in men (iAUC χ 2 (3, n 40) = 8·8, P = 0·03; T max χ 2 (3, n 40) = 8·3, P = 0·04), but there was no difference in C max in men (Table 4) , and no differences in any of these parameters in women (Table 5 ). Pairwise comparisons showed that the incorporation of DHA into plasma TAG in men was significantly greater (122 μmol/ week per litre, P = 0·02), and the peak concentration occurred 4 weeks earlier (P = 0·02) for the FFA supplement than for the uTAG, whereas the other supplements did not differ significantly from uTAG. T max (χ 2 (3, n 40) = 10·2, P = 0·02), but not C max or iAUC, for incorporation of EPA into plasma PC differed significantly between supplements in men ( Table 4 ), but not women (Table 5 ). However, this was not supported by pairwise testing. There were no significant differences between supplements in iAUC, C max or T max for incorporation of DHA into plasma PC in men or women (Tables 4 and 5 ).
There were no significant differences between supplements in iAUC, C max or T max for incorporation of EPA or DHA into plasma NEFA in men or women (Tables 4 and 5 ).
There were no significant differences between men and women in EPA or DHA iAUC, C max or T max within a supplement molecular structure and plasma lipid class (Tables 4 and 5,  online Supplementary Tables S5 and S6 ). Comparisons between lipid classes showed significant differences in iAUC and C max , but not T max , in postprandial and long-term EPA and DHA incorporation such that PC > TAG > NEFA in both men and women who consumed rTAG(EC), FFA and uTAG (Tables 4  and 5; online Supplementary Tables S5 and S6 ). However, there was no significant difference in EPA or DHA C max in men who consumed EE (Table 5; online Supplementary Table S5 ).
There were no significant associations between BMI or age and the incorporation of EPA or DHA into plasma lipids in men (online Supplementary Table S7 ). There was no significant association between age and EPA or DHA incorporation into plasma lipids in women. However, there was a significant positive association between BMI and incorporation of EPA and DHA into plasma TAG, but not PC or NEFA, irrespective of lipid structure in women (online Supplementary Table S7 ).
Discussion
The overall findings of this research are that the lipid structure of ingested EPA and DHA has, at most, a limited effect on the incorporation of these fatty acids into blood lipids during the postprandial period and during 12 weeks of dietary supplementation. In addition, the incorporation of EPA and DHA into blood lipids during dietary supplementation did not differ between men and women. However, the findings suggest differential incorporation of EPA + DHA into individual plasma lipid classes.
There were inconsistent associations in terms of lipid structure, plasma lipid class and subject sex between BMI and age in the postprandial and supplementation studies. This suggests that neither of these factors was a major determinant of incorporation of EPA and DHA into plasma lipids.
Previous studies have shown that the appearance of EPA and DHA in blood lipids during the postprandial period and during dietary supplementation can be influenced by the lipid structure through which these fatty acids were ingested (10) (11) (12) , although not all studies have found this (14) . The present findings are consistent with these observations in that the peak postprandial concentration of EPA provided as an EE, although not of DHA EE, was approximately half of that of the TAG reference supplement (uTAG) in the plasma NEFA pool. This suggests differential metabolism of EE with fatty acids of different chain length and level of unsaturation, presumably within the gastrointestinal tract, and may reflect differential activity of esterases. In addition, the meal context in which the supplements were consumed may have modified the postprandial metabolism of the n-3 fatty acids. For example, consuming EPA + DHA with a high fat meal increased their bioavailability during the postprandial period irrespective of the lipid structure of these fatty acids (11, 15) . The meal used in the present study contained more than twice as much fat as used in previous studies (5, 14) , and thus the overall absorption of EPA + DHA would be expected to be greater. It is possible that such an increase in uptake could mask differences in bioavailability between molecular structures of EPA + DHA reported in previous studies.
Incorporation of EPA + DHA from rTAG encapsulated in an enteric-resistant coating did not differ significantly from that of gelatin-coated capsules. This suggests that the losses of EPA + DHA in the stomach are relatively small and that entericprotective coating does not either increase or decrease the bioavailability of EPA + DHA supplements.
There were relatively small, but statistically significant, differences between molecular structures of EPA and DHA regarding their incorporation into blood lipids during the 12-week supplementation trial. This suggests that longer-term intake of EPA + DHA may have masked any differences between molecular structures seen for acute fatty acid uptake. Previous studies have reported lower omega-3 index (6, 7) and EPA and DHA concentration (21) following consumption of EPA and DHA EE compared with rTAG in patients with hyperlipidaemia or coronary artery disease, respectively. However, three studies in healthy, nomolipidaemic subjects reported that all lipid structures tested were equally effective in increasing EPA and DHA status (13, 14, 22) , although one study reported a pharmaceutical preparation of FFA to be more effective than EE (9) . These findings, together with those of the present study, suggest that differences in the lipid structure of EPA + DHA may have, at most, modest effects on the increase in these fatty acids in blood lipids in healthy individuals. It is possible that the differences between lipid structures reported in some studies (6, 7, 21) may reflect impaired lipid metabolism associated with dyslipidaemia. In this context, the lipid structure in which EPA and DHA are consumed may have little effect on the increment in status in the general population, both men and women, although this may be an important consideration in specific groups of patients.
Previous studies measured the incorporation of EPA and DHA consumed through different lipid structures either into total plasma lipids (9, 13, 14, (23) (24) (25) or into single plasma lipid classes (21, (26) (27) (28) . One previous study compared EPA and DHA incorporation into plasma PC and cholesteryl esters during dietary supplementation, but did not report direct comparison between lipid classes (22) . Thus, the present findings report for the first time differential incorporation of EPA and DHA into individual plasma lipid classes during both the postprandial period and long-term supplementation. Incorporation of EPA and DHA into plasma PC was greater in terms of iAUC than into plasma TAG and, in turn, into NEFA. The greatest concentration of EPA after a meal was in plasma TAG, compared with plasma PC, and in turn to plasma NEFA. However, this incorporation difference between lipid classes was not found for DHA. Supplementation for 12 weeks resulted in greater concentrations of EPA and DHA in plasma PC when compared with plasma TAG and in turn NEFA. However, the differential plasma lipid pool enrichment may reflect differences in the lipoprotein composition of fasting compared with postprandial blood. Although there was no difference between lipid classes in the time to reach maximum EPA concentration, the appearance of DHA in plasma NEFA was slightly slower than in plasma TAG and PC for some lipid structures. Together, these findings suggest that, as may be expected, EPA and DHA are initially incorporated into plasma TAG and PC, probably in the form of chylomicrons. Appearance in plasma NEFA may reflect incomplete entrapment of fatty acids released by lipoprotein lipase catalysed hydrolysis of chylomicrons (29) . However, because the amount of EPA and DHA in each supplement was not equal, it was not possible to assess whether there was differential incorporation of these fatty acids between lipid classes that has been reported previously (30, 31) .
After an initial early postprandial increase in plasma TAG EPA concentration, EPA and DHA were preferentially incorporated into plasma PC compared with TAG or NEFA in both the postprandial period and when consumed as dietary supplements. One possible explanation is that during the postprandial period EPA and DHA from the diet are primarily incorporated into the chylomicron TAG, then released by lipoprotein lipase activity to form NEFA, and subsequently are rapidly incorporated into PC, probably in the liver (31) . This is supported by the similar time course of incorporation of EPA and DHA into NEFA and incorporation into TAG and PC, which is consistent with incomplete entrapment of these fatty acids following release by lipoprotein lipase activity (29) . These findings are consistent with plasma PC marking long-term EPA and DHA status (32) .
The main strengths of this study are that several commercially available EPA and DHA lipid structures were compared directly. In addition, three blood lipid classes were analysed. In the postprandial study, all individuals consumed each of the different types of supplements. One limitation of the postprandial study was that it did not include women. The strength of the dietary supplementation study was that it included both men and women, and thus increased the generalisability of the findings. However, this study had a parallel rather than a crossover design. Other limitations include the exclusion of pregnant women and children who may have different nutritional requirements for EPA and DHA. Pregnant women may also metabolise EPA + DHA differently compared with non-pregnant women because of well-known adaptations to metabolism (33) . Furthermore, we did not study the effect of EPA and DHA provided in the phospholipid form. There are claims of enhanced bioavailability of n-3 fatty acids provided as phospholipids (26, 27) . It will be important to explore this using the study designs used in the current research.
Together, these findings show that in healthy individuals neither the lipid structure nor the overall fatty acid composition of supplements that contained EPA and DHA significantly influence their bioavailability during dietary supplementation, despite the apparently lower postprandial bioavailability of EPA + DHA EE compared with TAG or FFA. One possible explanation is that any postprandial variation in EPA and DHA bioavailability is lost during longer-term supplementation. Furthermore, there were, at most, small effects of sex on the incorporation of EPA into plasma lipids, which is in agreement with the findings of previous studies (19) . One implication of these findings is that choice of the lipid structure of EPA and DHA is not a primary consideration in the design of interventions to improve EPA and DHA status of healthy adults.
